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Abstract

Synapses are the basic unit of neuronal communication and their disruption is associated with 

many neurological disorders. Significant progress has been made towards understanding the 

molecular and genetic regulation of synapse formation, modulation, and dysfunction, but the 

underlying cellular mechanisms remain incomplete. The actin cytoskeleton not only provides the 

structural foundation for synapses, but also regulates a diverse array of cellular activities 

underlying synaptic function. Here we will discuss the regulation of the actin cytoskeleton in 

dendritic spines, the postsynaptic compartment of excitatory synapses. We will focus on a select 

number of actin regulatory processes, highlighting recent advances, the complexity of crosstalk 

between different pathways, and the challenges of understanding their precise impact on the 

structure and function of synapses.
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Introduction

In the vertebrate brain, chemical synapses are the major form of synaptic connection 

comprised of paired pre- and post-synaptic structures for neurotransmitter release and 

reception, respectively. Chemical synapses are known to be plastic and undergo short- and 

long-term modifications during developmental refinement of neural circuits, as well as in 

learning and memory. On the postsynaptic side, synaptic modulation involves changes in the 

number of synaptic receptors on the cell surface via regulated trafficking [1–4]. Many 
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neurological disorders have also been associated with alterations in synaptic connections [5]. 

Therefore, a better understanding of the molecular and cellular mechanisms underlying 

synaptic development and plasticity is of importance to our understanding of the complex 

brain functions underlying both physiological and pathological conditions.

Most of the excitatory synapses reside on dendritic spines, small actin-rich membrane 

protrusions that host neurotransmitter receptors, scaffolding proteins, signal transduction 

molecules, and cytoskeletal regulators. Dendritic spines come in different shapes and sizes 

including mushroom-shaped, stubby and thin, of which mushroom-shaped spines represent 

the mature form highlighted by an expanded head sitting on a thin neck. Spines undergo 

changes in shape and size during development and synaptic plasticity [6] and these structural 

changes have been considered as a hallmark of synaptic modifications associated with 

learning, aging, and neurodegenerative diseases [7–11]. In this review, we will discuss the 

regulation and function of the actin cytoskeleton in the development and modification of 

postsynaptic spine structure and function.

The actin cytoskeleton in spine development and modification

The actin cytoskeleton is built by a balancing act of filament assembly and disassembly, 

which is regulated by a wide range of accessory proteins [12]. Actin filaments are typically 

organized into distinct networks for different cellular functions by actin regulatory proteins. 

In vertebrate cells, over a hundred actin-binding proteins may exist, but it remains unknown 

how many of them are present and function in dendritic spines. Of these actin regulatory 

proteins, those involved in filament nucleation, severing, crosslinking, end capping, and 

monomer sequestering are believed to be crucial for the formation and dynamics of actin 

structures [12].

Nucleation of the actin filaments—Nucleation of actin filaments is the rate limiting 

step of filament formation and is thus tightly regulated. Two classic families of actin 

nucleating factors are well known for their role in the assembly of distinct F-actin networks: 

the actin-related protein 2/3 (Arp2/3) complex and formin molecules. The Arp2/3 complex 

is composed of seven subunits and it binds to the sides of existing actin filaments to nucleate 

new actin filaments with a 70-degree angle [12]. In dendritic spines, branched F-actin 

networks comprise the main cytoskeletal architecture in the spine head [13] and is required 

for the proper development and maintenance of dendritic spines [14–16]. The Arp2/3 

complex can be activated by multiple nucleation-promoting factors (NPFs) [17], many of 

which have been shown to play an important in spine formation and plasticity [15,18,19]. 

Interestingly, the Arp2/3 activity can also be regulated at both the transcriptional and 

translational level in neurons. For example, downregulation of Arpc3, a component of the 

ARP2/3 complex, by miR-29a/b was shown to modulate dendritic spine shape and size [20]. 

Furthermore, translational control of three subunits of the Arp2/3 complex has been shown 

to mediate the memory loss in C. elegans [21]. Given that local protein translation represents 

an important mechanism for regulating synaptic function [22], future studies of the actin 

cytoskeleton in synaptic function and modification will need to consider the transcriptional 

and translational regulation of Arp2/3-mediated synaptic modification.
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Formins represent a large family of actin regulatory proteins that are instrumental to the 

polymerization and rearrangement of the actin cytoskeleton [23]. The formins act as dimers 

to nucleate and elongate unbranched actin filaments by associating with the fast-growing 

barbed ends. The formin mDia2 was found to mediate the formation and elongation of 

dendritic filopodia, followed by Arp2/3-mediated actin polymerization for spine head 

expansion [14]. Overexpression of a dominant-active form of mDia2 resulted in an increase 

in dendritic filopodia and a reduction in mature spines [14], suggesting that the Arp2/3-

mediated spine head expansion requires the down regulation of mDia2 activity. Similarly, 

the overexpression of another formin, Daam1, has been shown to cause a reduction in spine 

density [24]. Together, these results suggest that formins and Arp2/3 function at two distinct 

steps of spine formation: the former in generating linear F-actin mostly found in dendritic 

filopodia and the latter in nucleating branched F-actin networks for spine head expansion. It 

should be noted that formins and Arp2/3 do not function exclusively and may cooperate to 

generate specific dendritic protrusions. For example, branched actin filaments and Arp2/3 

have been observed in dendritic filopodia [13]. Moreover, the mRNA level of another 

formin, formin-like 2(FMNL2), was found to be markedly elevated in adult mouse brain 

[25]. FMNL2 does not appear to nucleate but instead to polymerize F-actin in lamellipodial 

protrusion [26]. Finally, the formin Delphilin was found to co-localize with GluRδ2 at the 

postsynaptic side of the parallel fiber–Purkinje cell synapses, suggesting that formins may 

function in mature spines to regulate synaptic receptors [27]. It is exciting to speculate that 

different formin members could function at distinct stages of spine development, as well as 

in different aspects of regulation of the actin structure and dynamics in spines (see Figure 1).

Recent studies have identified a third family of actin nucleation molecules: the tandem-

monomer binding nucleators consisting of Spire, Cordon-bleu (Cobl), Leiomodin (Lmod), 

JMY and adenomatous polyposis coli (APC). These molecules contain tandem repeats of 

Wiskott- Aldrich syndrome protein (WASP) homology 2 (WH2) domain that nucleate 

filaments by bringing actin monomers together [28–32]. Several of these tandem-monomer 

binding nucleators have been recently shown to play a general role in neuronal development 

and function [31,33–37]. Interestingly, some members of this family, e.g. Cobl, can be 

regulated by Ca2+/calmodulin (CaM), thus making them potential targets of neuronal 

activity [38]. However, more studies are needed to determine if these tandem monomer-

binding nucleators play a role specifically in dendritic spines during synapse development 

and plasticity. Regardless, the nucleation process is complex and involves a diverse array of 

nucleation factors which are tightly spatiotemporally regulated. Future studies attempting to 

dissect the specific roles of these nucleators and their distinct effects on spine structure and 

function will require new advanced experimental approaches including nanoscale single 

molecule imaging. As an example, a recent study utilizing the single molecule tracking 

technique has identified two distinct sub-spine domains characterized by different types of 

actin nucleation: Arp2/3- mediated branched nucleation occurs in specific nano-domains at 

the PSD and formindependent actin polymerization drives the formation of finger-like 

protrusions from the sides of the spine [39]. These findings highlight the need to understand 

the nanoscale organization of the actin structure and subcellular compartments in dendritic 

spines.
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End capping of actin filaments—Actin filaments are polarized with their barbed (plus) 

and pointed (minus) ends favoring polymerization and disassembly, respectively. Capping of 

the barbed end represents an important mechanism for regulating filament length and 

promoting Arp2/3-mediated nucleation and branched actin polymerization [40]. Capping 

protein (CP, also known as CapZ), is the best characterized barbed-end capping protein and 

is essential for actin-based motility [41]. In cultured hippocampal neurons, the loss of CP 

resulted in a substantial reduction in the number of mushroom-shaped dendritic spines with 

a concomitant increase in filopodia-like protrusions [42]. The loss of CP also resulted in the 

emergence of aberrant filopodia-like protrusions from the spine head. These results suggest 

that barbed end capping promotes Arp2/3-mediated growth of branched actin networks 

during spine head expansion.

Epidermal growth factor receptor pathway substrate 8 (Eps8), is a multifunctional protein 

that can cap barbed ends, bundle actin filaments, and activate the Rac signaling pathway 

[43]. Genetic knockout of Eps8 in mice leads to the formation of immature spines and 

impaired cognitive function [44], phenotypes shown to be mediated by the capping function 

of Eps8. Spines lacking Eps8 also showed increased actin polymerization [45], less stable 

PSD-95 dynamics [44], and reduced synaptic strength [44]. Together, these studies suggest 

that Eps8 regulates actin dynamics as well as the accumulation and/or clustering of PSD 

components during spine formation. It remains to be determined if Eps8 and CP function 

redundantly in spine development. However, the observation that the loss of Eps8 decreased 

the number of spine synapses, but increased the number of synapses on the dendritic shaft, 

suggests that Eps8 may exert distinct effects on synapse formation [44].

Barbed end capping of actin filaments may represent a key event that enables the 

modification of the spine actin structure during synaptic plasticity. Consistent with this 

notion, both CP and Eps8 are recruited into spines during LTP-inducing stimuli [44,46] and 

Eps8 capping activity is required for LTP-mediated spine formation [45] and synaptic 

strengthening [44]. However, the mechanism by which barbed end capping is regulated by 

synaptic activity is currently unclear. One possibility involves the actin severing protein 

Gelsolin, which can be regulated by Ca2+ and PIP2 [47] and may function in activity-

dependent barbed capping of actin filaments in spines without filament severing [48]. 

Alternatively, adducins could function in activity-dependent barbed end capping as they cap 

the barbed end of actin filaments and cross-link them with the spectrin cytoskeleton [49]. β-

adducin is localized to dendritic spines and mice lacking β-adducin display impaired 

synaptic plasticity, motor coordination and learning deficits [50–53]. Modulation and 

specificity of capping activity amongst these various classes of barbed end capping proteins 

is likely specified by binding partners, differential affinity for barbed ends, other actin-

regulatory domains within the protein (such as bundling or severing) and post-translational 

modifications. Further studies will be needed to elucidate the mechanism by which barbed 

end capping proteins work in concert to regulate the actin cytoskeleton at the synapse.

Very little is currently known about pointed end capping and its function in dendritic spines. 

The pointed end can be capped by nucleation complexes (e.g. Arp2/3) as long as they remain 

bound to the complex [54]. Arp2/3-based branched actin networks are seen in spine head, 

but unbranched actin filaments are also present, especially in the spine neck region [13]. 
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Therefore, pointed end capping of these actin filaments could substantially impact their 

stability. The tropomodulins (Tmods) are the best known pointed end capping proteins and 

both Tmods 1 and 2 are expressed in the nervous system [55]. Interestingly, knockout of 

Tmod2 was found to alter synaptic activity and cause defects in learning and memory [56]. 

However, no direct connection to pointed end capping of F-actin was demonstrated. The role 

of Tmods and the pointed end capping in synapse formation and plasticity remains an area 

for future research.

Actin monomer binding—F-actin is polymerized from actin monomers (globular actin: 

G-actin) with ATP bound (ATP-G-actin). While the critical concentration for polymerization 

at the barbed end is low (~0.1 μM), a large pool of G-actin is sequestered from spontaneous 

nucleation and polymerization by monomer-sequestering proteins [57]. As a result, the 

availability of polymerization-competent actin monomers at specific subcellular locations 

may be limited and could be rapidly depleted by polymerization unless it is quickly 

replenished [40]. Dendritic spines contain a limited space followed by a neck that has been 

shown to limit diffusion [58]. As such, an increase in F-actin for spine enlargement during 

development and synaptic potentiation requires the availability of a sufficient amount of G-

actin that can be rapidly incorporated into the F-actin network. It is unknown if there is a 

pool of G-actin in spines that is sufficient to support the rapid F-actin polymerization during 

synaptic remodeling, or if G-actin is provided on-demand from outside the spine (e.g. 

dendritic shaft) through passive diffusion. Besides the cytosolic diffusible pool, G-actin also 

recycles from existing filaments by depolymerization at the pointed end through ADF/cofilin 

(Figure 1b) [12,40]. In this case, ADPG- actin generated via depolymerization is believed to 

diffuse to the polymerization site, being converted to ATP-actin through nucleotide exchange 

factors, and added to the barbed end for filament elongation by a number of binding proteins 

[57]. However, whether this recycling pathway plays a role in spine remodeling is unknown. 

Interestingly, it was found that the recycling pool of G-actin in motile lamellipodia is 

molecularly and functionally distinct from the cytosolic G-actin pool: the former is involved 

in homeostatic control of lamellipodial size whereas the latter localizes to the leading edge 

for F-actin polymerization underlying membrane protrusion [59]. Therefore, G-actin from 

recycling and cytosolic pools may contribute to distinct aspects of actin remodeling in 

spines.

Several families of G-actin binding proteins may contribute to G-actin localization, 

nucleotide state, and assembly [57]. For example, profilin binds G-actin, promotes its 

nucleotide exchange for polymerization-competent ATP-G-actin, and delivers ATP-G-actin 

to the growing barbed end for assembly [40,57,60]. Both profilin 1 and 2 have been shown 

to localize to dendritic spines through an activity-dependent manner [61–64] . Therefore, it 

is plausible that profilin and its translocation into spines may be responsible for delivering 

G-actin for actin remodeling underlying the structural modification of dendritic spines 

during synaptic plasticity. ADF/cofilin severs and depolymerizes aged F-actin at the rear part 

of the actin network, resulting in ADF/cofilin-bound ADP-G-actin that is recycled back to 

the leading edge for assembly [65–67]. Inhibition of cofilin has been shown to be important 

for increasing F-actin associated with spine enlargement during LTP [6], which appears to 

argue against this ADF/cofilin-mediated recycling model. However, it was shown that ADF/
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cofilin was first activated to increase actin turnover for AMPA receptor insertion, followed 

by inactivation for actin polymerization and spine enlargement [68]. Therefore, ADF/cofilin 

could potentially generate actin monomers needed to support actin polymerization 

underlying spine enlargement. Other families of actin monomer binding proteins could also 

be involved in spine development and remodeling [57], and future studies are needed to 

understand how the actin structure in spines is constructed, modified, and maintained during 

development and activity-dependent plasticity.

Activity-dependent regulation of the actin cytoskeleton in spines—One hallmark 

of dendritic spines is that they undergo synaptic activity-dependent modification: 

enlargement and shrinkage/elimination during long term synaptic potentiation (LTP) or 

depression (LTD), respectively. Increases in actin polymerization and depolymerization are 

known to underlie the corresponding changes in the spine structure [69], but how synaptic 

activities are linked to specific changes in the actin cytoskeleton in spines remains to be fully 

understood. Synaptic activities are known to elicit Ca2+ signals that can regulate the activity 

of a large number of actin regulatory proteins such as ADF/cofilin [65] and gelsolin [47]. 

Interestingly, Ca2+/calmodulin-dependent kinase II (CaMKII), the key molecule involved in 

LTP, has been found to gate the activity-dependent F-actin remodeling by controlling the 

access of actin regulatory proteins to F-actin [70]. Furthermore, a number of membrane 

lipids, especially phosphoinositides, are regulated by synaptic activities [71], which are 

known to play an important role in the regulation of actin polymerization near the plasma 

membrane [72]. Moreover, a recent study shows a novel activity-dependent mechanism of 

spine remodeling in which activity-dependent proteolytic cleavage of Neuroligin 1 generated 

a cytoplasmic C-terminal domain to activate LIM kinase 1, which inhibits ADF/cofilin 

leading to an increase in spine number and enhanced synaptic plasticity [73]. Finally, a 

number of actin-binding proteins have been shown to undergo activity-dependent 

translocation into dendritic spines during LTP, with specific sub-spine patterns and timing 

associated with distinct phases of spine remodeling [74]. Therefore, synaptic activities 

appear to regulate the actin remodeling in spines during synaptic plasticity through 

spatiotemporal targeting and coordinated control of the activities of a wide range of actin 

binding proteins.

Concluding remarks

Formation and remodeling of distinct F-actin structures involves the concerted efforts of a 

diverse array of actin regulatory proteins and activities. As illustrated in Figure 1, the 

essential steps include: 1) actin monomer binding and delivery to the polymerization site, 2) 

nucleation, 3) assembly, 4) capping, and 5) severing/disassembly. It is important to note that 

these steps are not discreet and that there is considerable overlap and crosstalk between the 

molecules involved at each step. In fact, due to the extensive crosstalk between different 

actin regulatory molecules/pathways, delineating the specific functions of individual actin 

binding molecules during spine formation and remodeling remains a huge challenge. 

Therefore, future studies are needed to understand how these actin regulatory molecules 

work in concert in response to synaptic signals, and how their functions overlap in distinct 

sub-spine regions. Importantly, many neurological disorders have been linked to disrupted 
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actin mechanisms in neurons. For example, LIM kinase 1 (LIMK1) is a key regulator of 

ADF/cofilin molecules by phosphorylating and inhibiting ADF/cofilin. Its hemizygous 

deletion in Williams Syndrome patients is believed to contribute to behavioral and cognitive 

deficiencies [75]. Moreover, cofilin-actin enriched inclusions have also been observed in a 

number of neurodegenerative diseases [76]. Therefore, a better and full understanding of the 

actin regulation underlying synapse development and modification will help to delineate the 

molecular mechanisms underlying many of these devastating disorders.
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Highlights

1. Dendritic spines depend on the actin cytoskeleton and its remodeling 

for their structure and plasticity.

2. Actin nucleation factors enable the formation and growth of distinct F-

actin networks in spines

3. Capping of actin filaments is a crucial step for the actin networks 

underlying spine formation and pasticity

4. Different actin regulatory proteins are spatiotemporally targeted and 

regulated in spines.

5. Disruption of the actin cytoskeleton underlies synaptic dysfunction in 

brain disorders.
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Figure 1. 
Schematic illustration depicting the actin mechanism underlying spine formation and 

modification. (a) Dendritic filopodia are considered to be the precursors of spines and their 

formation mainly depends on formin-based F-actin assembly, although branched actin 

filaments and Arp2/3 are present in filopodia. (b) Dendritic spines contain branched and 

unbranched actin filaments and their formation and modification depend on a combination 

of actin regulatory proteins. Only the factors involving monomer-binding, nucleation, 

polymerization, capping, and severing are shown for simplicity. Both solid and dashed lines 

with arrows indicate the potential source of actin monomers to be delivered for 

polymerization site. The PSD is depicted as the light gray oval. Circled numbers represent 

the essential steps of actin filaments formation and modification: (1) actin monomer binding 

and delivery to the polymerization site, (2) nucleation, (3) assembly, (4) capping, and (5) 

severing/disassembly.
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